1. Introduction {#sec1}
===============

A large number of common genetic variants have been found to be associated with obesity phenotypes in Europeans \[[@B1]--[@B3]\]. Variants in the *FTO*(fat mass and obesity-associated) gene have demonstrated the strongest associations with obesity in Europeans \[[@B1], [@B4], [@B5]\]. However, results from a recent study in Indians from Pune (western India) suggest that *FTO* may be less strongly associated with obesity in South Asians \[[@B6]\]. Recently, association of genetic variants near the melanocortin 4 receptor (*MC4R*) gene with obesity traits has been reported in several European populations \[[@B2], [@B7], [@B8]\]. These associations have been replicated in a UK Indian population and a Sikh population in north India \[[@B9], [@B10]\]. In both studies, risk allele frequencies were higher than in Europeans.

The pathways by which these genetic variants contribute to obesity are not yet understood but there is some evidence that the effects of variants in *FTO* are modified by energy imbalance \[[@B11]--[@B14]\]. Several studies have shown that increases in body mass index (BMI) per risk allele are lower in people who engage in high levels of physical activity compared to less active people \[[@B11], [@B12], [@B15]\]. *FTO* has also been shown to be associated with dietary fat intake and overall energy consumption \[[@B13], [@B16]--[@B18]\]. However, the modifying effects of these environmental factors have not been consistently replicated \[[@B19]--[@B21]\]. This may reflect true population differences, study sample size, or interstudy heterogeneity of measurement of these lifestyle factors. In addition, within population variation of these environmental factors may not be large enough to detect effect modification.

India is currently experiencing rapid urbanisation, which is leading to the adoption of significant lifestyle changes \[[@B22]\]; in 2001, almost a third of the population lived in urban areas, but it is estimated that by 2025, half the population will be urban dwellers \[[@B23]\]. We have shown previously that rural to urban migration is associated with dietary changes such as increased fat intake and reductions in levels of physical activity \[[@B24]\]. These factors are likely to contribute to the markedly higher levels of obesity and diabetes seen in urban compared to rural populations \[[@B25]\]. Prevalence of obesity (BMI \> 25 kg/m^2^) has been reported to be between 25 and 42% in urban areas compared to 10--22% in rural areas \[[@B24], [@B26]--[@B28]\]. Rural/urban living may, therefore, be a sufficiently strong exposure to demonstrate large interaction effects with genetic factors.

The Indian Migration Study was set up to investigate the impact of rural to urban migration on obesity and diabetes \[[@B29]\]. Using data on 3390 sibling pairs, we aimed to replicate associations of key variants in *FTO* (rs9939609) and near *MC4R* (rs12970134 and rs17782313) with a range of obesity phenotypes and investigate whether urban or rural environment alters the strength of these associations in this Indian population. We hypothesised that, if there is evidence of modification by environment, genetic effects would be stronger in urban than in rural dwellers.

2. Material and Methods {#sec2}
=======================

2.1. Study Population {#sec2.1}
---------------------

The Indian Migration Study was nested within a cardiovascular risk factor surveillance system, which monitors risk factors in industry populations across several large cities in India \[[@B30]\]. Full details of the study recruitment have been described previously \[[@B29]\]. Genetic data was available for 6942 individuals recruited from four cities in India (Lucknow, Nagpur, Hyderabad, and Bangalore), of which 6780 were sibling pairs and 162 were unrelated individuals (147 from cousins (one half of cousin pairs) and friends, and 15 from single members of a sibling pair). The majority of sibling pairs (*N* = 1997 pairs) consisted of a rural to urban migrant factory worker and a sibling who had remained in a rural area. There were also 1152 urban-urban sibling pairs and 241 rural-rural sibling pairs. Ethical approval was obtained from the All India Institute of Medical Sciences Ethics Committee, reference number A-60/4/8/2004. Fieldwork commenced in March 2005 and ended in December 2007.

2.2. Measurements {#sec2.2}
-----------------

### 2.2.1. Anthropometry {#sec2.2.1}

All participants were invited to attend for an examination at the factory they were recruited from \[[@B31]\]. Weight was measured in light indoor clothing (with shoes removed) using a digital weighing scale with 100 g accuracy (Model PS16, Beurer, Germany) and standing height using a portable plastic stadiometer (Leicester height measure, Chasmors Ltd, London) \[[@B24]\]. Waist and hip circumferences were measured twice using a non-stretch metallic tape with a blank lead-in (Chasmors metallic tape, Chasmors Ltd, London). Waist circumference was measured at the narrowest part of the abdomen between the ribs and the iliac crest and hip circumference at the widest part of the hips. Percentage body fat was calculated using standard formulae \[[@B32]\] from triceps and subscapular skinfold measures, which were taken three times using Holtain calipers.

### 2.2.2. Dwelling {#sec2.2.2}

Urban/rural status was defined according to current place of residence, since little difference was observed between rural-urban migrants and whole life urban dwellers in terms of their lifestyle and cardiovascular risk factors. The rural-urban migrants had lived, on average, for two decades in an urban area, with 85% having migrated at least 10 years prior to the study \[[@B24]\].

### 2.2.3. Lifestyle Factors {#sec2.2.3}

Both diet and physical activity were assessed by interview-administered questionnaires. Full details have been published previously \[[@B24]\]. Dietary fat intake (g/day) was calculated from a food frequency questionnaire, which asked participants about consumption (daily, weekly, monthly, or yearly) of 184 different food items. Metabolic equivalent tasks (MET) scores were calculated from participants\' accounts of their activities in the previous month. Activity data were summarised as MET hours per day, with 1 MET being the equivalent to the energy expended whilst sitting quietly. Time spent doing moderate to vigorous physical activity (MVPA) (defined as: moderate 3--6 MET; vigorous \> 6 MET) in a 24-hour period, and the average daily MET scores for each individual from moderate to vigorous activities were calculated. Both dietary and physical activity measures showed acceptable validity.

### 2.2.4. Genotyping {#sec2.2.4}

Blood samples were collected from all the individuals using EDTA vacutainers, and plasma samples were stored at −80°C for further use. All packed cell samples were transported on dry ice to Centre for Cellular and Molecular Biology, Hyderabad, India. Genomic DNA was isolated from all samples using salt precipitation method and DNA samples were plated in 96 deep well storage plates at a uniform concentration of 10 ng/*λ*. Each plate included 8 repeat samples (\~10%) as a quality control measure. We used Sequenom-based Mass ARRAY assay technology to genotype three obesity-related single-nucleotide polymorphisms (SNPs), one in *FTO* (rs9939609) and two near *MC4R*(rs12970134 and rs17782313) as part of a common multiplex pool of 28 SNPs, collated from 20 genes associated with diabetes-related intermediate traits. The genotyping success rate was \>95%, and results of duplicate samples had \>97% concordance indicating high genotyping accuracy.

2.3. Statistical Analyses {#sec2.3}
-------------------------

Genotype frequencies were calculated in unrelated subjects (a single randomly chosen member from each family) (*N* = 3552) and tested for departure from Hardy-Weinberg proportions using the exact test implemented in PLINK (version 0.99p; (<http://pngu.mgh.harvard.edu/~purcell/plink/>)) \[[@B33]\].

Association analysis was carried out using the orthogonal family-based model of Fulker et al. \[[@B34]\]. This is a linear regression model in which the genetic effect is decomposed into between- and within-family effects, with inference performed on the within-family effect. This family based method is robust to population stratification, an important consideration since the data were collected from individuals of at least two broad ethnic groups in four cities across India, where high levels of population substructure exist \[[@B35]\].

Within this framework, multilevel models were fitted to the data in which sibling pair was modelled as a random effect and city of recruitment as the fixed effect. Analysis was restricted to full sib pairs (*N* = 3390 pairs), and additive models were assumed; for each SNP the major allele was the reference, and an effect estimate was calculated per copy of the minor allele. Associations between SNPs and age, sex adjusted Z scores of the quantitative phenotypes BMI, WHR, percent body fat, weight, waist circumference, and hip circumference were tested using a Wald test. We also tested separately for interaction between the within families genetic effect and sex and location (rural/urban) as effect modifiers in the models. We previously found differences between the sexes for lipids, glucose, and blood pressure \[[@B24]\]. In addition, we investigated whether there was evidence of interaction by dietary fat intake or physical activity measures (total MET, time spent on MVPA (min/day), MET from MVPA) (all in tertiles) by including these as interaction terms in separate models. Mixed effects logistic regression was performed to investigate the association of these SNPs with obesity, which was defined as BMI \> 25 kg/m^2^ (in line with previously used cutoffs for obesity in Indians) \[[@B24]\].

We fitted all models in STATA (version 11.1) as the QTDT software \[[@B36]\], widely used for the Fulker model, does not implement effect modification. To verify our implementation, we compared the STATA results to QTDT for the analysis of main effects only and to MX \[[@B37]\] for the analysis of main effects and interactions (for full methods, see Supplementary Material available online at doi: 10.1155/2011/307542) and obtained similar results throughout. As another check, we repeated all analyses using the UNPHASED software \[[@B38]\] and obtained similar results, although in a number of cases UNPHASED had numerical difficulties in maximizing its likelihood.

3. Results {#sec3}
==========

Genetic data was available for a total of 6942 individuals from all four cities. In the whole sample of unrelated individuals (*N* = 3552), there was no evidence for deviation from Hardy Weinberg equilibrium (HWE) for any of the SNPs (*P* all \>  .3) (Supplementary Table S1). Minor allele frequencies (MAFs) for rs9939609 (A allele), rs12970134 (A allele), and rs17782313 (C allele) were 0.33, 0.36, and 0.34, respectively, in this study. MAFs in each of the four cities are shown in Supplementary Tables S2--S5. There was no strong evidence that genotype frequency differed by city for either of the *MC4R* SNPs (rs12970134 and rs17782313) (*P* \> .09) but evidence of genotype frequency difference was seen for the rs9939609 variant (*P* = .001). In the sample stratified by the four cities there was evidence of a deviation from HWE for rs9939609 in the Bangalore sample (*P* = .0001).

Data from 3390 sibling pairs were included in the main analyses. The characteristics of the study population stratified by sex and urban/rural location are shown in [Table 1](#tab1){ref-type="table"}. We observed strong evidence for differences in obesity traits and lifestyle characteristics between individuals in rural and urban settings. Further analyses stratified by BMI (≤25 kg/m^2^, \>25 kg/m^2^) are presented in Supplementary Table S6; these show strong associations between BMI and lifestyle characteristics and cardiovascular and metabolic outcomes.

3.1. Association of FTO and MC4R Variants with Obesity-Related Traits {#sec3.1}
---------------------------------------------------------------------

We found evidence that the rs9939609 SNP was associated with BMI and weight ([Table 2](#tab2){ref-type="table"}). BMI increased on average by 0.08 Z-scores (95% CI 0.02, 0.14) and weight by 0.09 Z-scores (95% CI 0.03, 0.15) per copy of the "A" allele. There was no strong evidence of association of this SNP with other obesity phenotypes such as waist circumference or WHR. When these analyses were repeated excluding the Bangalore sample, effect sizes were largely unaltered.

Since the two *MC4R*related SNPs are in strong linkage disequilibrium (*r*^2^ = 0.895 in the Gujarati Indian in Houston (GIH) population in HapMap 3) (<http://hapmap.ncbi.nlm.nih.gov/>), only the results for rs17782313 are presented. The results for rs12970134 are presented in Supplementary Tables and are similar, although associations with obesity traits are slightly weaker than for rs17782313 (Supplementary Table S7). Each additional copy of the "C" allele at the rs17782313 SNP was associated with a 0.06 Z-score (95% CI 0.001, 0.12) increase in weight and a 0.06 Z-score (95% CI 0.01, 0.12) increase in hip circumference. There was no strong statistical evidence for associations with other obesity-related traits, but effect sizes were in the expected direction (apart from WHR). Associations of the *FTO* and *MC4R* SNPs with obesity (BMI \> 25 kg/m^2^) are shown in Supplementary Table S8. There was no evidence that the *FTO* SNP was associated with obesity (OR 1.08, 95% CI (0.91, 1.28), *P* = .39) but some weak evidence that the *MC4R* SNP was associated with increased odds of obesity (1.19, 95% CI (1.00, 1.40), *P* = .05).

3.2. Interaction Analyses between FTO and MC4R Variants and Demographic Characteristics {#sec3.2}
---------------------------------------------------------------------------------------

When we tested for interaction by sex, there was some weak evidence that genetic effects of *FTO*on weight were stronger in females than in males (Effect difference for females compared to males: 0.12 Z-scores, 95% CI: −0.01, 0.26) (*P* = .07) (Supplementary Table S9). The same pattern was seen for the other obesity traits (apart from WHR) with *FTO* but with no strong statistical support. No evidence for interaction with sex was seen with rs17782313.

The results of interaction analyses, looking at rural/urban dwelling as a potential effect modifier of genetic associations, are shown in [Figure 1](#fig1){ref-type="fig"} and [Table 3](#tab3){ref-type="table"}. The association of *FTO* with weight appeared to be stronger in urban dwellers compared to rural habitants, with urban living associated with an increase of 0.15 Z scores (95% CI 0.01, 0.29) per minor allele of rs9939609 more than rural dwelling. There was no strong evidence for any interactions between rural/urban dwelling and obesity-related traits with SNPs near *MC4R* ([Table 3](#tab3){ref-type="table"} and Supplementary Table S10).

Neither physical activity measures (total MET, time spent on MVPA and total MET from MVPA) nor dietary fat intake had any influence on the association of the *FTO* variant with BMI and weight (Supplementary Table S11).

4. Discussion {#sec4}
=============

Our study has replicated associations of the *FTO* SNP rs9939609 with BMI and weight and the *MC4R* SNP rs17782313 with weight and hip circumference, but did not find statistical evidence for associations with other obesity-related traits. This study is the first to investigate gene environment interactions for *FTO* and obesity traits in an Indian population. We found some evidence that the strength of the association between *FTO* and weight was stronger in urban dwellers compared to rural dwellers suggesting that the effect of *FTO* on weight may be modified by environmental differences between rural and urban living in India.

In this population, the minor allele of rs9939609 was associated with increases in both BMI and weight (effect sizes 0.08 and 0.09 Z-scores, resp.) but not with regional measures of adiposity (waist circumference, hip circumference, and WHR) or with percentage body fat derived from skinfolds. In a population from Pune, western India \[[@B6]\], the reported association of BMI with the same *FTO* variant was 0.06 Z scores (95% CI: 0.01--0.10) which sits in the context of known associations in European populations (0.1 Z scores (95% CI: 0.09, 0.12) from the meta-analysis of Frayling et al.) \[[@B1]\]. Based on the observation that controlling for BMI did not completely abolish the association of rs9939609 with type 2 diabetes, Yajnik et al. argued that association of *FTO* variants may be weaker in Indians than in Europeans \[[@B6]\]. Meta-analyses of genetic studies in Indian populations would be of value to assess whether differences in strength of associations with *FTO* compared to Europeans exist.

The association of rs9939609 was limited to weight and BMI, suggesting that the *FTO* gene may be related more to overall body mass than to regional patterns of adiposity in Indians. The lack of association with WHR has been reported previously for Indians \[[@B6], [@B39]\]. In Europeans, the associations of most measures of adiposity with *FTO* have been found to be of similar magnitudes \[[@B1]\]. However, in one study of Europeans, the association of waist circumference with *FTO* was found to attenuate following adjustment for BMI which is consistent with an association with general rather than regional fat mass \[[@B40]\]. Genetic variants specifically associated with regional adiposity measures (waist circumference and WHR) in Europeans have been published recently \[[@B3], [@B41], [@B42]\], and it may be that these variants (or others yet to be discovered) have a greater influence on regional adiposity in Indians than *FTO* or *MC4R*. An alternative explanation for the differences in associations between measures may be the precision with which adiposity has been measured. BMI and weight are both relatively easy to measure and are probably measured with less error than circumference or skinfold measures. However, these results still need to be interpreted carefully since BMI does not reflect the actual fat mass percent in Indians \[[@B43]\].

Only associations with weight and hip circumference were successfully replicated with the *MC4R*-related SNP rs17782313, although effect sizes for other traits (apart from WHR) were in the expected direction. Allele frequencies were similar to those reported previously in Indian populations \[[@B9], [@B10]\]. These earlier studies, however, did find strong evidence for associations with the *MC4R* SNP rs12970134 (which is in strong LD with rs17782313) and BMI, weight, WHR, and waist circumference. Although BMI as a continuous trait did not reach significance, there was some evidence of an association with obesity (BMI \> 25 kg/m^2^). The effect estimate from the quantitative trait analysis in this study (0.04 Z-score units) was of a similar magnitude to that found in a large meta-analysis of Europeans (0.05 Z-score units) \[[@B2]\] so the lack of evidence for association in this study may reflect lack of power in our study rather than a true null effect.

Our finding that the effect of *FTO* on weight was stronger in urban compared to rural dwellers is consistent with our prior hypothesis that genetic effects would be stronger in the urban environment, where the prevalence of environmental risk factors for obesity is much higher. Some caution must be taken when interpreting the interaction results, since multiple statistical tests have been performed; similar patterns were seen for BMI, waist, and hip circumferences, although there was no statistical evidence for differences with these traits. The sibling pair design of the Indian Migration Study allows the impact of migration on health outcomes to be studied rather than whole life environmental differences between urban and rural living since the sibling pairs have shared early life environment. Although we included all types of sibling pairs (both discordant and concordant for current dwelling), most rural dwellers had a rural to urban migrant sibling in the study, which suggests that the effect modification of *FTO* in this study is related to environmental factors postmigration that is in adulthood.

Urban dwellers in the Indian Migration Study (urban nonmigrants and rural to urban migrants) had lower daily average MET (metabolic equivalent tasks) scores and higher levels of dietary fat intake than rural dwellers, factors which have both been shown to be associated with larger effects of *FTO* on obesity traits \[[@B11], [@B12], [@B15], [@B16], [@B44]\]. We investigated diet and physical activity separately as potential effect modifiers of *FTO* to see if a possible gene environment interaction by rural/urban dwelling might be attributable to either of these specific lifestyle characteristics, but were unable to find evidence of effect modification with these factors. It is unlikely that the study was sufficiently powered to detect interactions with these variables, which are likely to have been measured with lower precision.

5. Conclusions {#sec5}
==============

Genetic variants of obesity which have been found to be important in Europeans do play a role in determining obesity phenotypes in Indian populations, although our data suggests that associations of *FTO* with regional adiposity may be weaker in Indians. The urban environment, which is already known to be an important contributing factor to the obesity epidemic \[[@B25]\], may also modify genetic susceptibility to obesity through interaction with*FTO*. Variants near *MC4R* had relatively minor influence on these obesity-related phenotypes. Further dissection of the specific aspects of migration which increase risk of obesity and subsequent cardiovascular disease is needed to target interventions.
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###### 

Characteristics of the study population.

                               All^1^         Males^1^       Females^1^                                            
  ---------------------------- -------------- -------------- -------------- -------- -------------- -------------- --------
  *N*                          6780           2276           1649                    2025           830            
  Sex (% Female)               42                                                                                  
  Urbanisation (% urban)       63                                                                                  
  Age (years)                  40.7 (0.13)    42.9 (0.20)    39.5 (0.28)    \<.001   39.5 (0.20)    40.2 (0.40)    .12
  Height (cm)                  160.3 (0.11)   165.8 (0.14)   165.6 (0.15)   .52      153.1 (0.13)   152.4 (0.20)   .001
  Weight (kg)                  61.1 (0.15)    66.7 (0.24)    59.5 (0.28)    \<.001   59.6 (0.27)    52.5 (0.39)    \<.001
  BMI (kg/m^2^)                23.8 (0.05)    24.3 (0.08)    21.7 (0.09)    \<.001   25.4 (0.11)    22.6 (0.16)    \<.001
  Waist circumference (cm)     82.3 (0.14)    87.9 (0.23)    80.5 (0.28)    \<.001   80.2 (0.24)    75.2 (0.38)    \<.001
  Hip circumference (cm)       94.3 (0.11)    94.7 (0.16)    90.0 (0.19)    \<.001   98.0 (0.24)    92.8 (0.35)    \<.001
  WHR                          0.87 (0.001)   0.93 (0.001)   0.89 (0.002)   \<.001   0.82 (0.001)   0.81 (0.002)   .001
  Percentage Body fat (%)      26.8 (0.10)    25.9 (0.14)    20.8 (0.18)    \<.001   31.9 (0.17)    29.1 (0.26)    \<.001
  \% Diabetic                  6.8            9.8            3.6            \<.001   7.1            4.3            .005
  Dietary Fat intake (g/day)   83.1 (0.43)    96.0 (0.80)    79.9 (0.92)    \<.001   79.6 (0.67)    62.7 (1.01)    \<.001
  Daily average MET score      38.8 (0.06)    38.4 (0.08)    41.2 (0.14)    \<.001   37.5 (0.08)    38.4 (0.17)    \<.001

BMI: bodymass index; WHR: waist-hip ratio; MET: metabolic equivalent tasks.

^1^Data presented as mean (standard error) or percentage (binary variables).

^2^ *P* value for difference between rural and urban samples from linear and logistic regression (for diabetes) with robust standard errors to account for sibling pairs.

###### 

Associations of SNPs in *FTO*and*MC4R* genes with age, sex adjusted Z scores of obesity traits.

                        rs9939609   rs17782313                                                         
  --------------------- ----------- ------------ --------------- ------ ------ ------- --------------- ------
  BMI                   6170        0.08         (0.02, 0.14)    .009   6240   0.04    (−0.01, 0.10)   .14
  WHR                   6160        0.01         (−0.05, 0.07)   .77    6230   −0.01   (−0.07, 0.05)   .75
  Waist circumference   6160        0.04         (−0.02, 0.11)   .16    6230   0.04    (−0.02, 0.10)   .22
  Weight                6170        0.09         (0.03, 0.15)    .003   6240   0.06    (0.001, 0.12)   .045
  Hip circumference     6168        0.05         (−0.01, 0.11)   .08    6238   0.06    (0.01, 0.12)    .03
  Body fat              5968        0.02         (−0.04, 0.08)   .57    6028   0.05    (−0.01, 0.11)   .08

BMI, body mass index; WHR, waist-hip ratio

^a^Coefficents represent SD change per minor allele.

###### 

Interactions between *FTO*and *MC4R* SNPs and rural/urban dwelling in associations with obesity traits.

                        rs9939609   rs17782313                                     
  --------------------- ----------- --------------- ----- -------- --------------- -----
  BMI                   0.07        (−0.07, 0.21)   .30   −0.003   (−0.14, 0.13)   .96
  WHR                   0.003       (−0.14, 0.15)   .97   −0.03    (−0.17, 0.11)   .67
  Waist circumference   0.09        (−0.05, 0.23)   .21   −0.03    (−0.17, 0.11)   .65
  Weight                0.15        (0.01, 0.29)    .03   0.02     (−0.12, 0.16)   .77
  Hip circumference     0.11        (−0.03, 0.25)   .12   −0.006   (−0.14, 0.13)   .93
  Body fat              0.06        (−0.08, 0.20)   .37   −0.05    (−0.19, 0.09)   .47

BMI: body mass index; WHR: waist-hip ratio.

^a^Coefficients represent differences in age, sex adjusted SD scores per minor allele in urban compared to rural dwellers.
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